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A SUSPENDED ANEMOMETER SYSTEM FOR MEASURING TRUE AIRSPEED 

ON LOW-SPEED AIRPLANES 

David D. Kershner 
Langley Research Center 

SUMMARY 

A suspended anemometer system f o r  c a l i b r a t i n g  P i t o t - s t a t i c  systems on low-
speed r e sea rch  a i r p l a n e s  is descr ibed.  The anemometer measures t r u e  a i r speed  
when suspended beneath t h e  a i r p l a n e  on a long cab le  i n  r eg ions  o f  undis turbed  
a i r .  The electrical ou tpu t  o f  t he  propel le r -dr iven  tachometer is a s i n e  wave, 
t h e  frequency of  which i s  p r o p o r t i o n a l  t o  t r u e  a i r speed .  The anemometer measures 
t r u e  a i r speed  over a range from 20 t o  60 m/sec (40 t o  120 knots )  a t  a l t i t u d e s  t o  
3000 m, with  an accuracy o f  +0.5 percen t  o f  f u l l - s c a l e  range. This  accuracy is  
exc lus ive  of  e r r o r s  i n  t h e  r eco rd ing  system. The s t a b i l i t y  of t h e  suspended sys
t e m  was i n v e s t i g a t e d  and was found adequate  i n  t h e  a i r speed  range. For t h e  pur
pose o f  determining t h e  l o c a t i o n  o f  the  anemometer r e l a t i v e  t o  the  a i r p l a n e ,  a 
method is given f o r  c a l c u l a t i n g  the shape assumed by the  deployed cable. 

INTRODUCTION 


Impact p re s su re  is sensed i n  modern a i r p l a n e s  by measuring t h e  d i f f e r e n c e  
between t o t a l  p re s su re  and s ta t ic  p res su re .  The t o t a l - p r e s s u r e  probe can be 
loca ted  a t  any convenient  p l ace  where t h e  energy of  t h e  airstream is una f fec t ed  
by e x t e r n a l  h e a t i n g ,  by wakes from pro tuberances ,  or by the  boundary l a y e r .  
S ta t ic  p res su re  is inf luenced  by t h e  a i r p l a n e  flow f i e l d  and is sensed by f lu sh -
s ta t ic  p o r t s  on t h e  fuse l age  s k i n  or s ta t ic  tubes ,  t h e  l o c a t i o n s  o f  which are 
determined by f l i g h t  and wind-tunnel data. Such sys t ems  are calibrated on t h e  
f u l l - s c a l e  a i r p l a n e  p ro to types  by s e v e r a l  methods, i nc lud ing  one i n  which t h e  
a i r p l a n e  s t a t i c  source is compared wi th  one obtained from a cone-s tab i l ized  
s t a t i c - p r e s s u r e  source  which is t r a i l ed  i n  undis turbed  a i r  fa r  behind the  a i r 
p lane .  (See ref.  I.) Dynamic p res su re  can a l s o  be computed Prom free-stream 
measurements o f  t r u e  a i r speed  and free-air temperature .  A n  anemometer w a s  devel
oped f o r  use  i n  r e sea rch  programs on g e n e r a l  a v i a t i o n  a i r p l a n e s .  The ope ra t ing  
range  of t h e s e  a i r p l a n e s  is approximately 20 t o  60 m/sec (40 to  120 knots )  a t  
a l t i t u d e s  from sea l e v e l  t o  3000 m. 

I n  the  e a r l y  y e a r s  o f  a i r p l a n e  in s t rumen ta t ion ,  a i r s p e e d  c a l i b r a t i o n s  were 
made wi th  s t reaml ined  devices  suspended beneath t h e  a i r p l a n e ,  as summarized i n  
r e f e r e n c e s  2 and 3. Some dev ices  simply sensed s ta t ic  p r e s s u r e  i n  t h e  undis
turbed a i r .  The p o p u l a r i t y  o f  t h e  concept was l i m i t e d  by a combination of  three 
f a c t o r s :  ( 1 )  problems wi th  deployment and s t a b i l i t y  o f  t h e  suspended systems,  
(2) t h e  d i f f i c u l t y  o f  a c c u r a t e l y  record ing  t h e  output  under a i r p l a n e  environmen
t a l  c o n d i t i o n s ,  and ( 3 )  i n  t he  case o f  t h e  p r o p e l l e r  anemometer, t h e  dependence 
o f  t h e  c a l i b r a t i o n  on a i r  d e n s i t y  brought on by loads  i n  t h e  gene ra to r .  



The anemometer system described in this paper is similar in concept to the 

early anemometers, but the use of currently available components overcome some of 

the hazards and operating problems. For example, the availability of the small-

size electromechanical pickup allows a reduction in the size of the anemometer 

and support cable. It is shown herein that the small-diameter cable does not 

trail back as much, thus providing greater separation between the anemometer and 

the airplane. Additionally, the thinner-cable system is more stable. 


The use of the anemometer in flight testing of low-speed airplanes is dis
cussed in reference 4, which includes the theory of calibrating airplane pitot
static systems, the derivation of pertinent equations, and a brief discussion of f 
several other techniques. The present paper contains a description of the system,
its operation, the design considerations, the accuracy and calibration techniques,
the cable shape, and the stability boundaries. 
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SYMBOLS 


slope of lift curve of anemometer tail, rad-' 


effective drag coefficient of cable and anemometer (ref. 5) 


drag per unit vertical length of cable, N/m 


drag of anemometer, N 


partial pressure of water vapor, Pa 


frequency of oscillation, Hz 


radius of gyration of anemometer, m 


tail length of anemometer, m 


static pressure, Pa 


dynamic pressure (total pressure Less static pressure) assumed 
equivalent to impact pressure, pv2/2, Pa 

surface area of anemometer tail, m2 


length of cable, m 


tension in cable, N 


temperature, K 


true airspeed, m/sec or knots 


weight of anemometer, N 


longitudinal coordinate, m 


I 



2 v e r t i c a l  coord ina te ,  m 

P a i r  d e n s i t y ,  kg/m3 

t 


. 


4) ang le  from cable element t o  h o r i z o n t a l ,  deg 

Subsc r ip t s :  

i i n i t i a l  

0 sea - l eve l  cond i t ions  

DESCRIPTION OF SYSTEM 

Anemometer 

The cons t ruc t ion  o f  the  anemometer is shown i n  f i g u r e s  1 ,  2 ,  and 3 .  The 
s t reaml ined  brass body provides  f o r  t he  s t a b i l i z i n g  t a i l ,  t he  propel ler- tachometer  
u n i t ,  and f o r  the  e n t r y  and at tachment  of  the  suppor t ing  cable. The weight of the  
anemometer is  0.77 kg and the l eng th  i s  0.20 m. The shape of  t he  s t reaml ined  body 
is tha t  o f  a C-class a i r s h i p  h u l l .  (See re f .  6 . )  The low f i n e n e s s  r a t i o  of the  
body maximizes t ens ion  i n  the  cable f o r  a given moment of  i n e r t i a  of  the  body. 
The propel ler- tachometer  assembly w a s  extended forward of t h e  anemometer body t o  
produce a bot t le-nosed appearance.  This  shape is needed t o  achieve  a l i n e a r  air
speed c a l i b r a t i o n .  The midd le  o f  the  body is made i n  two pieces ( f i g .  21, the  
smaller, o r  cap piece, being hollowed out  t o  make room f o r  the cable at tachment  
and electrical  t e rmina t ions .  The cable is  routed  through the  tapered  ho le  i n  t he  
main or upper ha l f  of  t he  body. The cable is  two-conductor c o a x i a l  w i t h  the  cen
t ra l  conductor being of s t randed  steel .  A l a y e r  o f  i n s u l a t i o n  separates t h e  cen
t r a l  conductor from a woven copper s l e e v i n g ,  and an o u t s i d e  p l a s t i c  i n s u l a t i o n  
covering completes the cable assembly. Its o v e r a l l  diameter is  1.4 mm. A t  t he  
end of  t he  cable, t he  s l e e v i n g  is separa ted  from the  s t r anded- s t ee l  c e n t r a l  con
duc to r ,  and e lectr ical  connect ion is  made t o  t h e  e lec t romagnet ic  pickup. A metal 
r i n g  is swaged t o  the  t i p  of  t he  c e n t r a l  conductor t o  secu re  t he  anemometer t o  the 
cable. The anemometer body is bored t o  r e c e i v e  the  propel ler- tachometer  assembly 
and s l o t t e d  t o  r ece ive  the  shroud suppor ts .  

Propeller-Tachometer Assembly 

The propel ler- tachometer  assembly is shown i n  f i g u r e  4. The p r o p e l l e r  
measures 31.75 mm i n  diameter and is made of  cast aluminum by the  lost-wax 
investment-cast ing method. The hub has a s t reaml ined ,  nea r  hemi-e l l ipso id  shape. 
The hub is hollowed t o  reduce the  mass f o r  increased  respons iveness  t o  dynamic 
i n p u t s .  The p r o p e l l e r  fits on the tachometer shaft and is  secured w i t h  a set 
screw. The b l ades  are f l a t ,  s i x  i n  number, and are cast i n t e g r a l l y  w i t h  the  hub, 
w i t h  a b lade  ang le  of  45O t o  the  l o n g i t u d i n a l  a x i s .  The tachometer s h a f t  runs  i n  
a p a i r  of  l ow- f r i c t ion  ba l l -bea r ing  assemblies and has a mi ld - s t ee l  s ix - too th  
wheel a t t ached .  The r o t a t i o n  o f  the toothed wheel produces a n e a r l y  s i n u s o i d a l  
electrical ou tpu t  from the e lec t romagnet ic  pickup, t h e  frequency of .which is pro
p o r t i o n a l  t o  t r u e  a i r s p e e d  over  the d e s i r e d  range o f  20 t o  60 m/sec (40 t o  



120 kno t s ) .  The ou tpu t  measures approximately 3 V peak and 1200 Hz a t  maximum 
a i r s p e e d .  A l l  o f  t he  tachometer components are conta ined  i n  the  housing as shown 
i n  f i g u r e  4, and the  whole assembly f i ts  i n t o  the anemometer ( f ig .  3 )  and is he ld  
wi th  a locked set  screw. A s t a i n l e s s - s t e e l  shroud ( f igs .  2 and 3 )  p r o t e c t s  the 
p r o p e l l e r  from damage du r ing  handl ing ,  as w e l l  as dur ing  c r a d l i n g  i n  f l i g h t .  The 
l i p  on t h e  shroud is shaped t o  reduce the flow l o s s  wi th  misalinement.  The shroud 
i s  mounted on f o u r  suppor t s  and is secured by high-temperature s o l d e r .  

Tail  F i n  

The t a i l  f i n  ( f ig .  3) is o f  welded-aluminum cons t ruc t ion .  The suppor t  shaf t  
is s l o t t e d  t o  r e c e i v e  the  c r o s s  p l a t e s  t h a t  are set normal t o  each o t h e r .  The 
100-mm-diameter sheet-metal r i n g  is bent  i n t o  shape,  and t h e  whole u n i t  is welded 
toge the r .  The t a i l  is mounted by i n s e r t i n g  t h e  end o f  t h e  s h a f t  i n t o  the  body 
and secu r ing  it w i t h  a locked set  screw. Stat ic  ba lance  is  achieved by a d j u s t i n g  
i n s e r t i o n  depth be fo re  t i g h t e n i n g  the  set screw. 

Deployment Mechanism and Cont ro l  Unit  

The deployment mechanism deploys and re t rac ts  t h e  anemometer under the  com
p l e t e  c o n t r o l  o f  an  ope ra to r  i n  the  a i r p l a n e .  F igure  5 is  an e x t e r i o r  view o f  
t h e  complete system wi th  the  anemometer retracted. A s t reaml ined  cover  p r o t e c t s  
t he  deployment mechanism from d i r t  and keeps the  a i r f l o w  uniform. Side views o f  
t he  deployment mechanism w i t h  t h e  cover  removed ( f ig .  6 )  show some o f  t h e  con
s t r u c t i o n  de ta i l s .  Attachment t o  the  a i r p l a n e  is  made by the  f l a n g e ,  and t h e  
e lec t r ica l  connec t ions  are.made t o  t h e  t e rmina l  on the  mechanism v i s i b l e  i n  f ig
u r e  6 ( b ) .  The ope ra t ion  of t h e  mechanism is expla ined  i n  conjunct ion  w i t h  fig
u r e  7. It w i l l  be noted from f i g u r e  7 ( a )  tha t  t h e  cable supply spool  is  o f  com
p lex  des ign  because the  cable is se rv ing  both e lectr ical  and mechanical func t ions .  
Electrical  c o n t i n u i t y  from the  r o t a t i n g  spool  is  made wi th  s l i p  r i n g s ,  which are 
a t t ached  t o  one end o f  t he  spool  shaf t .  The end of t he  c a b l e  is he ld  fast  t o  t h e  
spool  w i t h  a c l i p  and is so ldered  t o  t h e  s l i p - r i n g  wires which are drawn through 
the  hollow s h a f t .  These de ta i l s  are n o t  shown i n  f i g u r e  7 ( a ) ,  bu t  t he  s o l d e r  ter
minals  and clamp are i n  the  i n s u l a t i n g  co re  on the  end t h a t  is shown covered by 
wraps o f  cable. On t h e  o t h e r  end o f  t h e  supply spoo l ,  some o f  t h e  de t a i l s  o f  
des ign  are shown i n  c ros s - sec t ion  view. The d r iven  shaf t  of  the spool  is  no t  
attached d i r e c t l y  t o  the  spool  bu t  through a c o n c e n t r i c ,  t o r s i o n a l  s p r i n g ,  as  
shown. The s p r i n g  absorbs  the  energy . in  the  r o t a t i n g  spool  when i t  s t o p s  a t  t h e  
completion of r e t r a c t i o n .  Electrical power is removed from t h e  motor when t h e  
cradle s w i t c h  ( f ig .  7 ( b ) )  is engaged by the  r e t r a c t e d  anemometer. A t  t h a t  i n s t a n t ,  
t h e  cable l eng th  is f i x e d  and would s t o p  w i t h  a damaging j e r k  were it n o t  f o r  the  
to r s iona l - sp r ing  coupl ing between the  shaf t  and spool .  After most of  t h e  cable 
has run  o f f  the  spool  and t h e  f i n a l  l a y e r  is  reached, t h e  end-of-rol l  swi tch  is 
set  t o  remove power from the  motor t o  prevent  overrun and r e v e r s e  wrapping. The 
spool  is dr iven  by the  motor through a worm gear and a s e t  o f  beveled gears, shown 
i n  f i g u r e  6 ( a ) .  The motor draws a s t eady  direct  c u r r e n t  o f  1.25 A ope ra t ing  from a 
28 + 3 V l i n e  w i t h  r eve r se -po la r i ty  c a p a b i l i t y .  The motor is  a permanent magnet
f i e i d  type  which produces a torque  of  about  3.5 N-cm when running a t  6870 rpm. 
The anemometer is  deployed a t  a rate o f  1 m/sec and is r e t r i e v e d  a t  a ra te  o f  
0.6 m/sec. A l e v e l  winder keeps t h e  c a b l e  wrappjlngs n e a t  t o  get  maximum c a p a c i t y  
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on t h e  spool .  The l e v e l e r  is d r iven  through s p u r  gears from t h e  spool  shaft 
shown i n  f i g u r e s  6 ( b )  and 7 ( a ) .  The worm was custom designed.  The cable is  l ed  
of f  o f  t h e  spoo l  through the  l e v e l  winder,  over  and around the  rear p u l l e y ,  fo r 
ward through t h e  c a b l e  c u t t e r ,  over  t he  two remaining p u l l e y s ,  and through an  
opening i n  t he  cradle t o  the anemometer ( f i g .  7 ) .  A l l  p u l l e y s  are guarded wi th  
p i n s  t ha t  prevent  t h e  cable from a c c i d e n t l y  coming o u t  o f  the grooves of  the  pul
l e y s ,  should slack develop. The p i n s  a n d . o t h e r  de ta i l s  have been e l imina ted  t o  
reduce t h e  c l u t t e r  o f  nonessen t i a l  de t a i l s  i n  f i g u r e  7. The rear pu l l ey  d r i v e s  
t he  e c c e n t r i c  cam by gears as shown i n  f i g u r e  " (a ) .  The cam a c t i v a t e s  a micro-
switch which i n  t u r n  a c t i v a t e s  t h e  foo tage  counters .  The cable c u t t e r  is  electr i 
c a l l y  ac tua t ed  by a 1.0-A 1-W pyro technic  ( f i g .  81, which is unfused and powered 
independent ly  of t he  rest of  the  mechanism. The 2.0-A fuse  i n  p a r a l l e l  w i t h  the 
c u t t e r  prevents  i ts  a c c i d e n t a l  f i r i n g  from ext raneous  sou rces  such as s t a t i c  
e l e c t r i c i t y  or radio-frequency f i e l d s . .  The cradle ( f i g .  5) is  shaped and padded 
t o  r e c e i v e  the  anemometer. The impact of c r a d l i n g  is apprec iab le ;  a d i s t i n c t  thud 
is not iced  by passengers  i n  a l i g h t - a i r p l a n e  i n s t a l l a t i o n .  Although the  c r a d l i n g  
switch d isconnec ts  electrical  power, both t h e  anemometer and t h e  spool  o f  cable 
have cons ide rab le  energy t o  be absorbed be fo re  coming t o  rest. Sponge rubber ,  
about  12 mm t h i c k  was found t o  be s a t i s f a c t o r y  f o r  s topping  the  anemometer. 

The c o n t r o l  o f  the  mechanism is maintained wi th  t h e  o p e r a t o r ' s  c o n t r o l  box 
shown i n  f i g u r e s  5 and 8. The c o n t r o l  u n i t  c o n t a i n s  switches, i n d i c a t o r  lamps, 
and cable footage  counters .  The power swi tch  c o n t r o l s  t h e  28 V t o  ope ra t e  the  
mechanism. The deployment o f  t h e  anemometer is c o n t r o l l e d  by t h e  up-down switch 
i n  conjunct ion  w i t h  t he  p r e s e t  foo tage  counter .  The amount o f  cable t o  be 
deployed is en te red  i n  t h e  preset coun te r ,  and the  switch is  moved t o  t h e  down 
p o s i t i o n .  Addi t iona l  c a b l e  can be l e t  ou t  i n  amounts i n d i c a t e d  i n  t h e  counter .  
Re t r ac t ion  con t inues  u n t i l  complet ion,  or it may be i n t e r r u p t e d  by moving the  
switch t o  t h e  o f f  p o s i t i o n .  Power is  removed when the  anemometer reaches t h e  cra
d l e  even if  t h e  up-down switch is l e f t  i n  t he  up p o s i t i o n .  The deployed footage  
counter  i n d i c a t e s  t h e  t o t a l  l eng th  o f  c a b l e  deployed; t he  power l i g h t ,  deployed 
l i g h t ,  maximum cable l i g h t ,  and cradled l i g h t  i n d i c a t e  t h e  c i r c u i t  cond i t ions .  
The cable c u t t e r  is  c o n t r o l l e d  by t h e  guarded switch on the  c o n t r o l  box and by a 
similar one on t h e  box f o r  t h e  p i l o t .  The ope ra t ion  of  e i ther  switch a c t i v a t e s  
t h e  pyrotechnic-operated c u t t e r  which j e t t i s o n s  t h e  anemometer i f  necessary.  

I n s t a l l a t i o n  

The anemometer system can be attached d i r e c t l y  t o  some a i r p l a n e s ,  w h i l e  w i t h  
o t h e r s ,  unavoidable wakes or ground-clearance problems r e q u i r e  a bracket. (See 
f ig .  9 . )  The combined mass o f  the anemometer and deployment mechanism is 7.80 kg. 

The electrical  connec t ions  are made wi th  cables routed  through t h e  mounting 
f l ange ,  i n t o  the  fuse l age ,  t o  the c o n t r o l  box, t o  t h e  p i l o t ' s  swi tch ,  t o  t h e  
record ing  system, and t o  the  power source.  I n  o rde r  t o  be  c o n s i s t e n t  w i t h  the  
a i r p l a n e  in s t rumen ta t ion  systems used a t  t h e  Langley Research Center ,  t h e  anemom
eter  system w a s  designed t o  ope ra t e  from a 28-V d i r e c t - c u r r e n t  source.  A con
v e r t e r  provides  t h i s  power when ins t rumen ta t ion  is  i n s t a l l e d  i n  a i r p l a n e s  equipped 
w i t h  12-V d i r e c t - c u r r e n t  e lectr ical  systems. 

5 




RESULTS AND THEORETICAL D I S C U S S I O N  

Anemometer Accuracy 

The p r i n c i p a l  anemometer c a l i b r a t i o n  w a s  made i n  an  ins t rumenta t ion-
c a l i b r a t i o n  wind tunne l  t h a t  provides  an a i r s p e e d  range o f  approximately 0 t o  
90 m/sec. The c losed  test  s e c t i o n  is 0.762 m long  and has a c r o s s  s e c t i o n  0.305 m 
by 0.432 m. P i t o t - s t a t i c  measurements were made a t  12 p o i n t s  i n  a c ross - sec t iona l  
p lane  ahead o f  the  anemometer and a t  12 corresponding p o i n t s  a f t  o f  t he  anemometer. 
The measurements were repea ted  w i t h  t h e  anemometer removed from the test s e c t i o n .  
T h i s  procedure provides  an a c c u r a t e  i n t e r p o l a t i o n  t o  t he  t r u e  a i r speed  a t  the  pro- 1 
p e l l e r .  P re s su res  from t h i s  P i t o t - s t a t i c  tube  were measured w i t h  a p r e c i s i o n  
barometer and a capac i t ive- type  p res su re  gage t o  a c c u r a c i e s  o f  +0.05 percent  o f  
f u l l - s c a l e  range and +O .25 pe rcen t  of  reading ,  r e s p e c t i v e l y .  TEe temperature  and s 

humidity o f  t h e  a i r  were measured t o  a c c u r a c i e s  o f  +0.5 K and -+3 pe rcen t ,  respec
t i v e l y .  True airspeed w a s  determined by so lv ing  t h e  equat ion  

The va lue  o f  a i r , d e n s i t y  p needed t o  s o l v e  equat ion  ( 1 )  was determined by the  
equat ion  

t o  p - 0.3783e 
p = 1.225 

t Po 

With the  measurement a c c u r a c i e s  s ta ted ,  t r u e  airspeed can be determined t o  wi th in  
-+0.15 m/sec over  the  f u l l  a i r speed  range. The accuracy  o f  t he  c a l i b r a t i o n  a l s o  
depends on determining t h e  airspeed a t  the p r o p e l l e r  s i n c e  the  a i r speed  v a r i e s  
over  t h e  c r o s s  s e c t i o n  and a long  the  l e n g t h  of  t h e  test  s e c t i o n .  The frequency 
o f  t h e  e lectr ical  ou tpu t  was measured w i t h  a p r e c i s i o n  frequency counter  t o  an 
accuracy o f  +1.0 Hz, or approximately +0.08 pe rcen t  of  the  f u l l - s c a l e  range. The 
c a l i b r a t i o n  data are p l o t t e d  i n  figure-10 and show an average  dev ia t ion  of  approx
imate ly  +0.05 m/sec from the  best  s t ra ight  l i n e .  The extended l i n e  does no t  pass 
through t h e  o r i g i n  but  i n t e r s e c t s  t h e  airspeed a x i s  a t  about  0.25 m/sec. T h i s  
o f f s e t  i s  due t o  f r i c t i o n  and magnetic loading  o f  t he  tachometer ( r e f .  6 ) .  The 
r e s u l t s  are repeatable so long as  t h e  anemometer is  n o t  damaged. 

Misalinement of  the  l o n g i t u d i n a l  axis of  t he  anemometer w i t h  t he  airstream 
r e s u l t s  i n  a drop i n  ou tpu t .  The r e l a t i o n s h i p  between misalinement ang le  and Ir 

e r r o r  o f  ou tput  is shown i n  f i g u r e  11 f o r  two airspeeds. The data show a 
1.5-percent drop ex tending  t o  approximately +loo,  which is a characteristic of  t h e  

1

p r o p e l l e r  l o c a t i o n  and t h e  shape and l o c a t i o n  of  t h e  shroud. The shroud des ign  
was selected from a number o f  des igns  tested.  Cor rec t  s ta t ic  al inement  was v e r i -

I
f i e d  i n  wind-tunnel tests when the  anemometer was suspended on t h e  cable. Dynamic 
misalinement e r r o r  was equ iva len t  t o  s t a t i c a l l y  measured e r r o r ;  dynamic response 
about  the suspension axis was determined by measuring the  free response t o  a 
pluck.  The anemometer was mounted on an instrumented a x l e  t h a t  provided a time 
h i s t o r y  of angular  p o s i t i o n .  Data from e ight -a i r speed  c o n d i t i o n s  show t h a t  the  
n a t u r a l  frequency is p r o p o r t i o n a l  t o  t he  square  r o o t  o f  t he  dynamic p res su re ;  
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t h a t  is ,  

f = 0 . 4 1 7 p  ( 3 )  

The damping is 7.3 percent  of  c r i t i c a l  damping. F l i g h t  data con ta in ing  o s c i l l a 
t i o n s  o f  the frequency o f  equat ion  ( 3 )  w i l l  be c o r r e c t l y  read i f  t h e  peak va lues  
are used. However, most f l i g h t  data taken i n  clear a i r  w i l l  no t  con ta in  these 
f l u c t u a t i o n s .  

1 
E r r o r s  a r i s i n g  from a i r - d e n s i t y  v a r i a t i o n s  due t o  a l t i t u d e  changes are char

acterized i n  p r o p e l l e r s  by s h i f t s  i n  t h e  c a l i b r a t i o n  cu rve ,  t h a t  is, w i t h  no 
change i n  the s lope .  (See ref.  7.) The i n t e r c e p t  changes i n v e r s e l y  as  t h e  

1 square r o o t  o f  t he  d e n s i t y  r a t i o .  The i n t e r c e p t  i n  the c a l i b r a t i o n ,  4 .5  Hz, i s  
very  small ( f i g .  l o ) ,  t h i s  va lue  being equ iva len t  t o  0.25 m/sec. S ince  the  square  
r o o t  of  the  dens i ty  r a t i o  occurr ing  between sea l e v e l  and 3000 m v a r i e s  from 1.0 
t o  approximately 1.3, t h e  i n t e r c e p t ,  o r  e r r o r ,  w i l l  remain small. 

The low-temperature performance of  t h e  anemometer was v e r i f i e d  by ope ra t ing  
it i n  t h e  exhaust  stream of  a compressed-air source.  The temperature  o f  t he  ane
mometer was lowered t o  263 K and it cont inued t o  func t ion  normally f o r  an  extended 
per iod  a t  that  temperature .  There is no tempera ture-sens i t ive  component i n  t h e  
anemometer design t h a t  can affect  its c a l i b r a t i o n  o r  ope ra t ion  i n  a normal air
plane environment . 

S u f f i c i e n t  respons iveness  o f  t he  p r o p e l l e r  t o  dynamic i n p u t s ,  such as g u s t s ,  
w a s  r equ i r ed  t o  a l low c o r r e l a t i o n  w i t h  o t h e r  recorded data. Measurement o f  the  
time cons tan t  was made from data taken i n  an open-jet  wind tunne l  a t  a number of  
r e p r e s e n t a t i v e  airspeeds. The ou tpu t  o f  the  p r o p e l l e r  w a s  recorded as it  responded 
t o  t he  cons t an t  airstream after release from r e s t r a i n t .  The data i n  f i g u r e  12 
v e r i f y  t h a t  t h e  anemometer f u n c t i o n s  as a first-order system and tha t ,  a t  normal 
f l y i n g  speeds,  t he  anemometer lag i s  less than  0.1 sec. Phase or lag c o r r e c t i o n s  
can be made i n  c o r r e l a t i n g  w i t h  o t h e r  measurements, i f  r equ i r ed .  

An o v e r a l l  va lue  f o r  the  anemometer accuracy,  i nc lud ing  the  sources  o f  e r r o r  
d i scussed  p rev ious ly ,  is d i f f i c u l t  t o  a s s i g n .  The s t a t i c  c a l i b r a t i o n  shows t h e  
anemometer is a c c u r a t e  t o  wi th in  20.10 percent  of  f u l l - s c a l e  output .  Other sou rces  
o f  e r r o r ,  e s p e c i a l l y  the  effect o f  misalinement under s m a l l  o s c i l l a t i o n s  t h a t  may 
occur i n  f l i g h t ,  would sugges t  an accuracy of  20.50 percen t  of  f u l l  scale may be 
more realist ic i n  t he  f l i g h t  environment. Th i s  va lue  does  no t  i nc lude  e r r o r s  
a r i s i n g  from s igna l -condi t ion ing  and record ing  equipment used i n  f l i g h t ,  o r  from 
data r educ t ion .  

Cable Shape 

The anemometer must be deployed i n t o  a i r  t h a t  is undis turbed  by t h e  a i r p l a n e .  
A sepa ra t ion  o f  1.5 wing spans measured between t h e  a i r p l a n e  and the  anemometer 
a s s u r e s  t h a t  the measured a i r  is undis turbed .  (See ref. 8.) The shape o f  t h e  
suppor t ing  cable always inc ludes  some sweepback due t o  wind r e s i s t a n c e .  A long 
cable suppor t ing  no weight  on its end takes the  form of a straight l i n e ,  which is 
uns tab le .  The trail-back ang le  i n c r e a s e s  w i t h  i n c r e a s i n g  a i r s p e e d  (dynamic pres 
s u r e ) .  If a t h i n ,  f l e x i b l e  c a b l e  suppor t s  a f i n - s t a b i l i z e d  s t reaml ined  body, such 

i 
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as  i n  the p resen t  case, the  shape is  hyperbol ic  (shown i n  the photograph o f  
f i g .  1 3 ) .  The s e c t i o n  o f  cable emerging from t h e  anemometer is n e a r l y  normal t o  
t he  airstream. Curvature  is greatest on t h i s  end and decreases asympto t i ca l ly  
t o  ze ro  toward t h e  a t tachment  po in t .  The .de termina t ion  o f  how much cable must 
be deployed t o  reach the  undis turbed  a i r  can be done i n  a f e w  s t e p s .  

G laue r t ,  r e f e r e n c e  9 ,  has shown tha t  t he  forces normal t o  an  element of  the 
f lex ib le  cable can be w r i t t e n  

where the  bending o f  t h e  cable is a func t ion  o f  drag. Equation (4) provides  t h e  ,

needed r e l a t i o n s h i p s  between t h e  cable l eng th  s and t h e  v e r t i c a l  s e p a r a t i o n  z 

and the  h o r i z o n t a l  s e p a r a t i o n  x from the  at tachment  p o i n t  and can be r e w r i t t e n  

as 


D D -
T 
s = c o t  4 = s i n h  -

T 
z (5)  

and 

D D - x = C O S h  - z - 1 .O 
T T 

The r a t i o  D/T f o r  t he  anemometer and cable i n  t he  p r e s e n t  des ign  is  equal  t o  
0.000057q. Equation (5 )  can be used t o  determine the  l e n g t h  of  cable s needed 
t o  r e a l i z e  the  r equ i r ed  s e p a r a t i o n  o f  1.5 wing spans.  

Ca lcu la t ions  were made o f  cable shapes a t  s e v e r a l  dynamic p r e s s u r e s  and cable 
l eng ths .  The shapes were compared w i t h  measurements ob ta ined  from photographs 
taken  from a chase a i r p l a n e .  A sample comparison of  the  c a l c u l a t e d  and measured 
shapes is given  i n  f i g u r e  1 4 .  The c a l c u l a t e d  shape has  been co r rec t ed  by an  esti
mate o f  the  effect  o f  aerodynamic drag of the  anemometer. The drag r e s u l t s  i n  t he  
cable emerging from t h e  anemometer a t  an  ang le  less than  90° from t h e  h o r i z o n t a l .  
T h i s  i n i t i a l  a n g l e  is found by the  r e l a t i o n  (from ref.  9 )  

.* 

The anemometer drag Da i n  equat ion  ( 7 )  is the  product  of t he  impact p re s su re  and 
a measured drag  c o e f f i c i e n t  o f  0.090. The va lue  o f  the i n i t i a l  ang le  is  used i n  
equa t ions  (5 )  and ( 6 )  t o  compute t h e  i n i t i a l  h o r i z o n t a l  and v e r t i c a l  components x i  
and zi. These components l o c a t e  the  anemometer on the  predicted shape,  as ind i 
cated i n  f i g u r e  1 4 .  
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Anemometer-Cable Dynamics 

Loads suspended on cables beneath a i r p l a n e s  are s u b j e c t  t o  dangerous,  d iver 
gent  o s c i l l a t i o n s .  These o s c i l l a t i o n s  can be of  two types:  lateral-pendulum 
i n s t a b i l i t y  and cab le  whipping. Although t h e  anemometer is a r e l a t i v e l y  s m a l l  
mass, t h e r e  is a p o t e n t i a l  hazard t o  t h e  deploying a i r p l a n e  and ,  should t h e  cab le  
break,  t o  people  and p rope r ty  on t h e  ground. I n  a d d i t i o n ,  t h e  o s c i l l a t i o n s  i n  
e i t h e r  mode genera te  v e l o c i t y  f l u c t u a t i o n s  which degrade t h e  p r e c i s i o n  and accuracy 
o f  t h e  a i r speed  measurement. 

d The boundaries  o f  lateral-pendulum i n s t a b i l i t y  r e l a t i n g  f l i g h t  and anemometer 
parameters  are g iven  by reference 5 i n  t h e  fol lowing two r e l a t i o n s h i p s :  

sqz 1 
- >  
WZ 

+ (t71 
and 

Inequa l i ty  (8) d e f i n e s  a lower l i m i t  o f  the  lateral i n s t a b i l i t y  r eg ion  which, i n  
t h e  case o f  the  anemometer deployed a t  f l i g h t  a i r s p e e d s ,  is a l eng th  so  s h o r t  ( a  
f e w  cen t ime te r s )  as t o  be inconsequent ia l .  E s s e n t i a l l y ,  t h e  reg ion  of  lateral  
i n s t a b i l i t y  ex tends  from t h e  i n i t i a l  deployment t o  t h e  l eng th  def ined  by inequal
i t y  ( 9 ) .  This  i n s t a b i l i t y  is  a phenomenon a s s o c i a t e d  with deployment and retrac
t i o n  through t h e  range o f  l eng th ;  bu t  s i n c e  the  cable lengthens  dur ing  deployment, 
any lateral  motion is l o s t  as the  c r i t i ca l  l eng th  is  exceeded. The ampli tude of 
la teral  o s c i l l a t i o n  which develop du r ing  r e t r a c t i o n ,  however, t ends  t o  remain con
s t a n t  as t h e  cable shor t ens , '  and may r e s u l t  i n  t h e  anemometer missing the  cradle 
and impacting t h e  fuse l age .  If t h e  airstream is uniform, t h i s  w i l l  no t  occur  
because n a t u r a l  o s c i l l a t i o n s  b u i l d  up s lowly and r e t r a c t i o n  i s  accomplished whi le  
t h e  amplitude is st i l l  inconsequen t i a l .  I f ,  however, t he  airstream c o n t a i n s  e i t h e r  
n a t u r a l  tu rbulence  or t u r b u l e n t  wakes from a i r p l a n e  pro tuberances ,  t h e  pendulum
mode may be quick ly  exc i t ed  t o  large amplitude.  

Data from wind-tunnel tests d e f i n i n g  t h e  s t a b i l i t y  boundaries  are p l o t t e d  
i n  f i g u r e  15, a long  wi th  t h e  p r e d i c t i o n s  of i n e q u a l i t i e s  (8)  and ( 9 ) .  Data were 
taken a t  a number o f  a i r s p e e d s  by no t ing  t h e  v e r t i c a l  l e n g t h s  a t  which t h e  induced 
lateral  o s c i l l a t i o n s  change from d ive rgen t  t o  convergent ,  and v i c e  ve r sa .  The 

r 
t r a n s i t i o n s  a t  very  low a i r s p e e d s  were sharp ly  def ined  b u t  became less so a t  h ighe r  
a i r s p e e d s .  A t  t h e  lowest a i r s p e e d ,  t h e  o s c i l l a t i o n s  i n  t h e  uns t ab le  l e n g t h s  
increased  i n  ampli tude a t  a r a p i d  rate and were n o t  confined t o  the  lateral direc
t i o n ,  bu t  t h e  motion became n e a r l y  c i r c u l a r  i n  t h e  h o r i z o n t a l  plane.  The upper
s t a b i l i t y  boundary was poorly de f ined  wi th  a band o f  metastable l e n g t h s  s e p a r a t i n g  
t h e  c l e a r l y  uns t ab le  from t h e  c l e a r l y  stable l eng ths .  Data i n  f i g u r e  15 show t h a t  
lateral-pendulum s t a b i l i t y  e x i s t s  f o r  cables longer  than  4 m when towed a t  air
speeds  o f  20 m/sec or greater. 
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The la teral-pendulum s t a b i l i t y  o f  t he  anemometer w a s  optimized w i t h  the  f i x e d  I 

parameters  of  i n e q u a l i t y  ( 9 )  such as large t a i l  s u r f a c e ,  t a i l  l eng th ,  t a i l  l i f t  
s l o p e ,  and small mass and r a d i u s  o f  g y r a t i o n .  The rugged,  l igh tweight  t a i l  has 
a large area w i t h  f avorab le  l i f t  characteristics. The t a i l  l eng th  i s  s h o r t  %o 
minimize t h e  r a d i u s  o f  g y r a t i o n  which i n f l u e n c e s  s t a b i l i t y  i n  p ropor t ion  t o  t h e  
second power. The mass is n o t  minimized t o  g a i n  s t a b i l i t y  bu t  is made as large 
as p o s s i b l e  t o  ach ieve  maximum s e p a r a t i o n  between t h e  a i r p l a n e  and t h e  anemometer 
for a g iven  cable l eng th .  

Cable whipping is ano the r  mode o f  o s c i l l a t o r y  motion t h a t  h a s  produced prob
lems f o r  suspended bodies .  I n  r e f e r e n c e  10, i t  was found t h a t  t h i s  cond i t ion  -1 

a r o s e  when d i s t u r b a n c e s  picked up n e a r  t h e  a i r p l a n e  at tachment  p o i n t  acqui red  
a d d i t i o n a l  energy as they  t r a v e l e d  down t h e  cable when t h e  a i r s p e e d  exceeded t h e  3 
speed o f  propagat ion o f  waves a long  the  cable. A s  t h e  a i r s p e e d  increased  beyond 
t h i s  c r i t i ca l  speed,  t h e  a m p l i f i c a t i o n  inc reased  and caused the  cable t o  fa i l .  
The d i s tu rbance  may arise from wakes from p r o t r u s i o n s  upstream o f  t h e  a i r p l a n e  
at tachment  p o i n t ,  from prop wash, and from n a t u r a l  tu rbulence .  The problem can 
be minimized i f  care is taken  i n  s e l e c t i n g  t h e  at tachment  p o i n t  f o r  t he  deployment 
mechanism. C a l c u l a t i o n s  made by us ing  t h e  methods of r e f e r e n c e  10 and t h e  param
eters o f  t h e  anemometer p r e d i c t  cable-whipping i n s t a b i l i t y  a t  a i r s p e e d s  above 
65 m/sec (130 k n o t s ) ,  a l though it has n o t  been demonstrated i n  f l i g h t .  

CONCLUDING REMARKS 

A suspended anemometer system is  described which is used t o  calibrate p i t o t 
s t a t i c  systems on low-speed a i r p l a n e s .  The anemometer s e n s e s  t r u e  free-stream 
a i r s p e e d  when suspended i n  r eg ions  o f  undis turbed  a i r .  The anemometer i s  p a r t i c 
u l a r l y  w e l l  s u i t e d  f o r  t he  a p p l i c a t i o n  because of t h e  fo l lowing  characteristics: 

1 .  The output  is a se l f -gene ra t ing ,  a l t e r n a t i n g  v o l t a g e  whose frequency is  a 
l i n e a r  func t ion  of  t r u e  a i r speed  over  t h e  des i red  range  o f  20 t o  60 m/sec (40 t o  
120 k n o t s ) .  

2.  The accuracy o f  the  measurement is  wi th in  +0.50 pe rcen t  o f  t h e  f u l l - s c a l e  
range. T h i s  va lue  exc ludes  e r r o r s  a r i s i n g  from s igna l -condi t ion ing  and record ing  
i n  strumentation .  

3 .  The anemometer ou tput  i s  una f fec t ed  by a i r  d e n s i t y  or by the  temperature  
f o r  t h e  normal a i r p l a n e  environment. 

? 

4. Condit ions of  lateral-pendulum i n s t a b i l i t y  o f  t h e  anemometer-cable system 
were i n v e s t i g a t e d ,  and stable c o n d i t i o n s  were shown t o  e x i s t  over  t h e  a i r speed  
range w i t h  cable l e n g t h s  over  4 m. Cable-whipping i n s t a b i l i t y  i s  p red ic t ed ,  3 

a l though no t  demonstrated a t  a i r s p e e d s  above 65 m/sec (130 kno t s ) .  

Langley Research Center 

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 
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Figure 1.- Suspended anemometer. 



L-73-1663.1 
Figure 2.- Partially disassembled anemometer. 
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Figure 3.- Anemometer body. 
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Figure 4.- Propeller-tachometer assembly. (Linear dimensions are in mm.) 



L-73-6658. I 
Figure 5.- Complete system w i t h  anemometer retracted. 



L-73-5785.1
(a> Right side. 

Figure 6.- Deployment mechanism with cover removed. 



Figure  6.- Concluded. 
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Figure 7.- Deployment mechanism. 
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( b )  Side  view. 

Figure 7. - Concluded. 
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Figure 8.- Schematic of e l e c t r i c a l  system. 



L-76-2209 

(b) Side mounted with brackets. 


Figure 9.- Installatron of deployment mechanism. 
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Figure 10.- Anemometer calibration based on wind-tunnel 

cross-section velocity profile. 
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Figure 11.- Variation of anemometer output with misalinement. 
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Figure  12.- Var i a t ion  of anemometer time cons tan t  w i t h  i n d i c a t e d  a i r speed .  
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L-74-1877 

Figure  13.- Anemometer suspended from l i g h t  a i r p l a n e .  (Image o f  c a b l e  has  been enhanced.)  
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Figure 14.- Shape of anemometer cable when operating at dynamic pressure of 

1.93 kPa with 17 m of cable deployed. 
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Figure 15.- Comparison of theoretical and observed 

lateral-pendulum stability of anemometer. 
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